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Frequency and intensity of facilitation reveal opposing patterns 
along a stress gradient






















Disentangling	 the	 different	 processes	 structuring	 ecological	 communities	 is	 a	 long-	
standing	challenge.	In	species-	rich	ecosystems,	most	emphasis	has	so	far	been	given	















work	 are	 as	 follows:	 It	 enables	 detecting	 facilitating	 and	 facilitated	 species	 in	
species-	rich	systems,	and	it	allows	identifying	the	directionality	and	intensity	of	facili-
tation	in	species	pairs	as	well	as	its	variation	across	long	environmental	gradients.	It	
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gradient hypothesis;	 Bertness	&	Callaway,	 1994;	Callaway	&	Walker,	





(McIntire	 &	 Fajardo,	 2014).	 Nonetheless,	 our	 understanding	 of	 this	
process	 remains	 limited.	On	 the	 one	 hand,	 even	 though	 facilitation	
is	 usually	 thought	 to	 be	more	 important	 under	 stressful	 conditions	
(Callaway,	2007),	it	may	not	necessarily	be	restricted	to	stressful	con-
ditions	only	 (Holmgren	&	Scheffer,	2010;	McIntire	&	Fajardo,	2014).	











pair	 in	 the	communities,	 and	 the	estimation	of	 the	degree	 to	which	
these	facilitative	 interactions	contribute	to	the	 increase	 in	fitness	of	







or	 facilitating	 species)	 will	 disproportionately	 favor	 another	 species	
(the	beneficiary	or	facilitated	species)	more	than	it	can	mutually	profit	
from	this	species.	For	instance,	tall	plants	may	protect	shorter	plants	
from	 ultraviolet	 radiations	 (asymmetric facilitation	 or	 commensalism,	
as	 shorter	plants	do	not	protect	 taller	plants	 from	 radiations),	while	
species	 with	 similar	 flower	 color	 may	 attract	 the	 same	 pollinators	
(symmetric facilitation	 or	 mutualism;	 Brooker	 &	 Callaghan,	 1998;	
Chu	et	al.,	2009;	Lin,	Berger,	Grimm,	&	Ji,	2012).	Within	a	functional	
framework,	 if	 species	 facilitate	 each	other	via	 the	 same	mechanism	
(e.g.,	pollinator	attraction	via	similar	flower	color,	or	soil	stabilization	
via	 root	 reinforcement)	 then	 the	 intensity	 of	 symmetric	 facilitation	
should	 increase	with	 species	 functional	 similarities,	whereas	 that	 of	
asymmetric	facilitation	should	increase	with	functional	dissimilarities	
(Butterfield	 &	 Briggs,	 2011;	 Cavieres	 &	 Badano,	 2009;	 Gross	 et	al.,	
2009).	However,	 if	 species	 facilitate	 each	 other	via	 different	mech-




















2015);	 or	 (3)	monitoring	 long-	term	changes	 in	 community	 composi-
tion	 during	 primary	 succession	 (e.g.,	Martorell	 &	 Freckleton,	 2014).	





Here,	we	propose	 and	 apply	 a	 simple	but	 robust	 framework	 for	
exploring	facilitation	patterns	without	a	priori	information	on	the	local	




tal	 gradients.	We	use	 the	output	of	 this	 approach	 to	 specifically	 in-
vestigate	the	relationships	between	facilitation	intensity	and	species	
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the	Zermatt	region	(Switzerland)	and	tackle	key	questions	related	to	
facilitative	interactions.	Specifically,	we	asked	the	following:	(1)	How	
do	 facilitation	 frequency	 and	 intensity	 change	 along	 environmental	
gradients?	 (2)	Does	 the	 functional	 distance	between	 the	 facilitating	
and	 facilitated	 species	 change	 along	environmental	 gradients?	 (3)	 Is	
facilitation	 intensity	 influenced	 by	 the	 functional	 similarity	 between	
the	involved	species?	Finally,	we	discuss	future	avenues	and	potential	
research	questions	that	can	be	answered	using	our	approach.
2  | MATERIALS AND METHODS
2.1 | The facilitation screening procedure
We	 propose	 a	 screening	 framework	 that	 elaborates	 on	 the	 widely	
studied	co-	occurrence	patterns	 (e.g.,	Boulangeat,	Gravel,	&	Thuiller,	
2012;	 Diamond,	 1975;	 Jackson,	 Somers,	 &	 Harvey,	 1989;	 López,	
Valdivia,	Rivera,	&	Rios,	2013;	Ulrich	&	Gotelli,	2007),	and	thus,	only	
requires	community	relevés	with	recordings	of	the	relative	cover	of	
coexisting	 species	 (i.e.,	 at	 a	 relatively	 small	 grain	 size	 at	which	 spe-
cies	interact).	By	combining	co-	occurrence	analyses	with	analyses	of	
co-	abundance,	we	aim	at	detecting	facilitation	for	species	pairs	within	
a	 specific	 environment.	Our	method	 estimates	 for	 each	 pair	 of	 co-	
occurring	species	A	and	B,	whether	species	A	facilitates	species	B	and	
by	which	intensity.
To	 avoid	 confusion	 with	 environmental	 filtering	 signals,	 our	
method	groups	community	relevés	into	ecologically	very	narrow	bins	
























A facilitates B if: 
(1) Abundance of A is higher than 
abundance of B
Abundance A as threshold
(2) B co-occurs with A
Randomization test
(3) B is absent when A is absent
Randomization test
(4) abundance of B is higher when A
present
ANOVA; facilitation intensity is 
given by increase in abundance of B
Step 3: Identify facilitation 
airs and intensity for each bin
Step 5: Calculate summary statistics per bins Step 6: Relate facilitation with functional traits
Number of facilitation links



























Calculate the functional distance between 



































































received	 by	B	 (Figure	1,	 step	 3).	 In	 other	words,	 this	 framework	 al-
lows	for	testing	whether	a	facilitated	species	benefits	from	a	facilitator	










vironmental	 heterogeneity	 among	 the	 considered	 communities	 is	
negligibly	small,	and	(2)	the	within	site	microhabitat	heterogeneity	is	












verified	 in	most	 situations,	 some	 systems	might	 present	 exceptions	
that	would	preclude	the	utilization	of	our	methodology.



















Additional	 to	 the	 three	 coexistence	 mechanisms	 mentioned	











intensity.	Hence,	 this	 allowed	us	 to	 test	 seven	different	 scenarios,	




Identification rules Facilitation Environmental filtering Competition Neutral coexistence
The	abundance	of	A	is	higher	than	
that	of	B?
✓ ✓/✗ ✓/✗ ✓/✗
A	and	B	co-	occur	more	than	by	
chance?
✓ ✓ ✗ ✗
A	is	absent	when	B	is	absent? ✓ ✓ ✗ ✗
A	is	more	abundant	when	B	is	
present?
✓ ✗ ✗ ✗
Green	ticks	indicate	significant	positive	responses	to	the	identification	rules,	while	red	crosses	indicate	significant	negative	responses	(ticks	and	crosses	are	
represented	together	when	both	responses	are	possible).
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2.3 | Method application with the Zermatt dataset
We	 then	 used	 this	 new	 screening	 method	 to	 detect	 and	 quantify	
facilitation	 in	 empirical	 data,	 using	 phytosociological	 relevés	 of	 ca.	
2	m	×	2	m	in	the	Zermatt	mountain	region	in	Switzerland,	composed	




we	 identified	108	sites	containing	 species	 typical	of	very	wet	habi-
tats	 indicating	 local	water	sources	 independent	of	climatic	humidity	
gradients.	We	removed	them	from	the	dataset	to	avoid	potential	con-
founding	 effects	 of	mixing	 different	 habitat	 types	 and	microhabitat	








2.4 | Sampling along environmental gradients
If	co-	occurrence	patterns	are	estimated	across	communities	encom-
passing	different	environmental	conditions,	then	facilitation	may	be	
confounded	with	environmental	 filtering.	 Indeed,	 two	 species	may	
coexist	 more	 frequently	 than	 expected	 by	 chance	 only	 because	
they	 have	 similar	 ecological	 requirements,	 thus	 respond	 similarly	
to	environmental	filtering.	To	avoid	such	confusions,	we	calculated	
our	 co-	occurrence/co-	abundance	measures	 within	 bins	 containing	
community	 plots	 with	 very	 similar	 environmental	 conditions.	 This	
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component	analysis	(PCA;	using	the	R	package	ade4;	Dray	&	Dufour	
2007)	on	six	topo-	climatic	variables	relevant	for	our	studied	region:	




with	a	0°C	threshold	 (ddeg),	 (4)	 the	annual	sum	of	potential	global	
solar	radiation,	(5)	the	site	topography	position	(positive	values	indi-
cating	ridges	and	peak	positions	while	negative	values	indicate	gul-









climatically	 very	 long	 gradient.	We	 then	 chose	 the	 first	 PCA	 axis	






Next,	we	 grouped	 our	 1,134	 communities	 into	 bins	 of	 similar	
environmental	 conditions	 (according	 to	 the	 first	PCA	axis),	with	 a	
bin	breadth	of	0.2	 (a	breadth	 identified	as	providing	the	most	ho-
mogeneous	 number	 of	 communities	 across	 bins).	 For	 all	 further	
analyses,	we	considered	only	the	bins	containing	at	 least	15	com-
munities	(39.1	communities	on	average),	covering	978	sites	in	total	
and	 splitting	 the	 gradient	 into	26	bins	 in	 total.	 In	 order	 to	 evalu-
ate	the	effect	of	the	bin	borders,	we	repeated	the	binning	process	
seven	times	starting	at	different	positions	along	the	environmental	








functional	 traits.	 These	 traits	 relate	 to	 the	 species’	 microhabitat	

















Third,	 for	 each	 facilitated	 species,	we	 investigated	whether:	 (1)	 the	
facilitation	intensity	received	changed	along	the	gradient,	(2)	the	func-
tional	distance	to	the	facilitators	changed	along	the	gradient,	and	(3)	
whether	 the	 facilitation	 intensity	 received	 by	 a	 facilitating	 species	
could	be	related	to	the	functional	distance	to	its	facilitators	(Figure	1,	
step	6).
2.6.1 | General trends along the 
environmental gradient






cies	when	 their	 facilitating	species	 is	present	vs.	absent).	Each	bin’s	
position	along	the	gradient	(i.e.,	the	PCA’s	1st	axis)	was	estimated	as	
the	mean	position	of	 all	 communities	 it	 contained.	Next,	we	 tested	
for	significant	 relationships	between	these	 indices	and	environment	












more	 functionally	 similar	 is	 the	coexisting	species	 (compared	 to	 the	
full	 set	of	 species	 in	 the	dataset),	 as	 they	 should	have	 similar	 traits	
to	 cope	 with	 the	 environmentally	 stressful	 conditions	 (Weiher	 &	
Keddy,	1999).	We	used	the	MFD	standardized	effect	size	(hereafter	
called	MFDSES)	 to	estimate	 the	 strength	of	 this	environmental	 filter	
in	each	bin.	MFDSES	was	obtained	from	null	models	by	randomizing	
the	 functional	 distances	 among	 species,	 and	 thus	by	 controlling	 for	
the	community	richness	(999	repetitions).	MFDSES	varies	between	0	
(perfectly	similar	species)	and	1	(completely	dissimilar	species;	details	
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in	Appendix	S1).	We	then	tested	whether	the	MFDSES	scores	changed	




species,	 respectively,	 and	 evaluated	 whether	 and	 how	 facilitation	
mechanisms	changed	along	the	environmental	gradient	 (MFDFaciliting,	
and	 MFDFacilitated,	 respectively).	 On	 the	 one	 hand,	 if	 facilitation	 is	
driven	by	one	major	mechanism	(e.g.,	shading	by	tall	plants	or	soil	rein-
forcement	by	large	root	systems),	we	expect	that	all	facilitating	species	







within	 the	bin.	By	means	of	 a	GLM,	we	 tested	whether	MFDFaciliting 
and	MFDFacilitated	significantly	varied	along	our	warm/dry-	to-	cold/wet	
gradient	 (with	 linear	 and/or	 quadratic	 relationships	 and	 a	 stepwise,	
AIC-	based	variable	selection).
2.6.3 | Linking facilitation intensity with functional 
information









the	 limited	 number	 of	 observations)	 selected	 based	 on	 model	 AIC	
scores	(Figure	1	step	5).
3  | RESULTS
3.1 | A new approach to detect facilitative 
interactions from community data
Our	proposed	approach	to	detect	pairs	of	facilitating	and	facilitated	




















correctly	 identify	 facilitating	and	 facilitated	species	pairs,	given	 that	
the	underlying	assumptions	are	met	(i.e.,	the	environmental	heteroge-
neity	within	the	bins	and	within	the	communities	is	negligible).
3.2 | Facilitation increases with 
environmental severity
Community	species	richness	showed	a	unimodal	response	along	the	
environmental	 gradient	and	was	 significantly	higher	at	 intermediate	
position	of	this	gradient	(Figure	2b).	Along	this	warm/dry-	to-	cold/wet	
gradient,	the	proportion	of	facilitation	links	significantly	increased	at	
the	 cold/wet	 end	 (Figure	2c),	whereas	 the	proportion	of	 facilitating	
and	facilitated	species	significantly	increased	at	the	warm–dry	end	of	
the	gradient	(left	hand	side	of	Figure	2d,	e),	and	the	facilitation	inten-





also	with	 larger	positive	effects	on	the	abundance	of	 the	 facilitated	
species.
3.3 | Functional patterns of facilitation








3.4 | Species- specific trends in facilitation intensity
When	 considering	 each	 facilitated	 species	 independently,	 33	 of	 46	
facilitated	 species	 (72%)	 showed	significant	 trends	 in	 facilitation	 in-
tensity	 received	 along	 the	 environmental	 gradient	 (19	 positive	 and	
14	negative	trends;	average	R2	=	.51;	Figure	4a).	For	each	facilitated	
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R2	=	.37	(Figure	4b).	Finally,	considering	each	facilitated	species	inde-
pendently,	we	found	that	26	of	46	facilitated	species	(57%)	showed	




By	 introducing	 and	 validating	 a	 new	 analytical	 protocol	 for	 assess-
ing	 facilitative	 interactions	 based	 on	 species	 co-	occurrence	 and	









with	no	general	 trend	across	 species.	Below,	we	discuss	our	 results	
and	evaluate	the	strengths	and	weaknesses	of	this	new	method.





Zermatt	 region	 (Michalet	 et	al.,	 2006).	 This	 indicates	 stronger	 envi-





















that	 facilitation	 is	 frequent	 in	 other	 types	 of	 stressful	 conditions	 (e.g.,	
drought),	although	less	 intense	there.	Our	findings	provide	hints	about	
the	 complexity	 of	 facilitative	 interactions,	where	 the	 number	 of	 facili-
tating	species,	the	number	of	facilitated	species	per	benefactor,	and	the	
intensity	of	facilitation	vary	along	an	extended	environmental	gradient.
4.1.2 | Facilitation intensity and functional 
distances are linked
To	 better	 understand	 the	 facilitation	 interactions	 along	 our	 stress	
gradients,	we	explored	the	functional	relationship	between	facilitat-










warm/dry	 edge.	 Second,	 the	 functional	 distance	 between	 facilitat-
ing	and	facilitated	species	varied	along	the	environmental	gradient,	
but	 the	direction	of	 this	change	differed	among	 facilitated	species:	
Species	 present	 at	 the	 warm–dry	 end	 of	 the	 gradient	 showed	 on	
average	negative	 trends,	while	 species	 at	 the	 cold–wet	end	of	 the	
gradient	 showed	on	average	mixed	or	positive	 trends	 (lower	panel	
in	Figure	4b).	These	 results	 indicate	 that	although	species	are	gen-






the	 facilitated	 and	 facilitating	 species.	 These	 inconsistencies	 could	
indicate	that	facilitation	is	not	emerging	only	from	direct	interactions,	
but	probably	also	from	indirect	interactions	of	the	facilitating	species	








of	 facilitation	without	 experimental	manipulations	of	 the	 system	 (i.e.,	


























study	 these	gradients	 separately.	However,	 in	highly	heterogeneous	










tifying	 the	 relative	 importance	 of	 competition	 and	 facilitation	within	
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identify	and	quantify	competitive	 interactions	 (i.e.,	 low	co-	occurrence	
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